Abstract. This paper discusses the application of a set of computer graphics tools to the reconstruction of three-dimensional models from medical images. Specifically, this work is focused on in-vivo Magnetic Resonance Imaging (MRI) of the distal anastomosis of peripheral by-pass grafts. The aim of this study is the morphological classification of different anastomoses and the identification of correlations between shape, or more precisely a set of parameters representing shape, and blood flow patterns. Flows patterns are calculated using computational fluid dynamics (CFD) techniques on suitable computer representations of the reconstructed geometries. The reconstruction of a three-dimensional model of an anastomosis starts from a stack of planar sections of the lumen of the blood vessels produced by segmenting the MR images. An implicit function is fitted through the sections and it is chosen so that its zero-level contour is the interpolating surface of minimum curvature. A skeletonization algorithm extracts an approximation to the medial line of the threedimensional models. This medial line is used to determine the angles that blood vessels form at the anastomosis. The deviation of the medial line of the grafted vessel from the plane of the anastomosis yields a measure of planarity. These parameters allow a preliminary classification of shape. Scanning the same patient at different times postoperatively also allows to monitor changes in the shape of an anastomosis. Furthermore, scanning the same patient more than once, in different MRI scanners and at different resolutions constitutes an experimental validation of the reconstruction technique.
Introduction
The occlusion of a peripheral artery in the lower limbs may occur as a consequence of thrombosis or hyperplasia and generally leads to ischemia or gangrene with subsequent limb loss [1] . A peripheral by-pass is a vascular surgery technique where an autologous vein or a prosthetic conduit is grafted to the occluded artery (host artery) in order to allow blood to circumvent the occlusion and re-establish an adequate circulation. The vein is grafted to a healthy artery proximally from the occlusion (proximal anastomosis) and to the occluded artery distally from the occlusion (distal anastomosis). An end-to-side distal anastomosis is the junction of the grafted vein to the host artery that allows blood to flow both proximally and distally from the junction point. Peripheral by-pass grafts present a high failure rate with the development of myointimal hyperplasia (MIH) in time intervals that can span from as little as a few months to a few years post-operatively [2] . The distal anastomosis seems to be the location that is most afflicted by MIH. There is evidence that the development of MIH within distal end-to-side anastomoses is influenced by the local haemodynamics [3] , which is driven by the local geometry and by the characteristics of both the velocity waveform in the graft and the outflow flow split in the host artery. Therefore, the acquisition of in-vivo patient specific data, e.g. MRI and Doppler ultrasound, is a required step when looking into the mechanisms of development of MIH. For example, the capability to monitor the evolution of a single patient's anastomosis with multiple scans allows to look for cause-effect relations between haemodynamic factors computed by CFD and changes in the geometry. On the other hand, accurate CFD simulation of blood flow in a large number of patients requires considerable time and resources, with the further disadvantage of producing large amounts of data that continue to remain patient specific. More fundamental aspects of blood flow within arterial bifurcations or within by-pass anastomoses can be deduced from CFD simulations and/or experimental measures performed inside idealised tube-like geometries. The construction of meaningful idealised phantoms of a by-pass anastomosis needs to be guided by in-vivo measurements of both flow and geometry. Hence, the acquisition of in-vivo patient specific data and their classification is useful to steer the attention towards more common or more problematic configurations. The following section presents the reconstruction technique adopted in this work and based on variational radial basis functions. It also shows how the angles used to classify the in-vivo anastomoses do not strongly depend on the smoothness of the reconstructed surface. The Results section discusses some in-vivo applications. 
Methods
MR images for each patient involved in this study consist of 512×512 pixels with their intensity represented on a scale of 256 levels of grey. The MRI scans were obtained from a whole body General Electric 1.5 Tesla scanner with peak gradient strength of 20mT/m. Images were acquired by MR Angiography pulse sequence based on axial 3D vascular time of flight. The parameters of the acquisitions are: Field of View (FOV) 12cm, phase FOV 0.8, spatial resolution 256 × 256 interpolated to 512 × 512 by K-space zero filling, TE 3.5ms, TR 47ms, slice thickness 1mm. The imaging protocol yields areas of blood flow as regions of higher pixel intensity. Images are segmented obtaining the pixelated contours of the lumen of the vessels meeting at the anastomosis. Planar contours are approximated by smooth splines in a least-squares sense, which are then evaluated at discrete points (figure 1a). Typically 30 points per slice are used. These points on the lumenal surface are called surface constraints of the interpolation. More interpolation constraints are generated along the in-plane normal to each contour at each of the surface constraints. This new set of points constitutes the normal constraints of the interpolation. Following Turk and O'Brien [4] , the surface reconstruction problem reduces to looking for a function f that assumes a value of 0 on the surface constraints and a unitary value on the normal constraints. An implicit function f that smoothly interpolates the n constraints is defined as
where φ(x) is a radial basis function and x i are the interpolation constraints. Given a family of radial basis functions φ(x), obtaining the coefficients c i is a matter of solving a linear system Ac = h that forces f to assume the prescribed values on all the constraints x i , with
A set of radial basis functions that are suitable for smooth approximations was derived by Duchon [5] in the form of
with P a quadratic polynomial. This radial basis minimises a functional that measures curvature in three dimensions. Turk and O'Brien [4] stated that P can be neglected when dealing with more than a dozen of interpolation constraints. The function f as defined by (2) is the multidimensional equivalent of cubic splines that are known to interpolate a set of points while minimising the integral of their second derivative (curvature). The f = 0 isosurface representing the lumen is extracted by the marching cubes algorithm and consists of a low quality triangulation (figure 1b). This can be re-tiled to obtain a surface mesh suitable for low-order finite volume CFD solvers, or it can be used as the initial support for high-order mesh generation with the purpose of computing a high-order spectral/hp finite element CFD solution (figures 1c and 1d). The latter allows the exploitation of spectral convergence on unstructured meshes [6] . Should the reconstructed implicit function isosurface require further smoothing, this can be accomplished by applying a non-shrinking Gaussian filter to its triangulation, as described in [7] . A skeletonization algorithm proposed by Palagyi and Kuba [8] is applied to a three-dimensional binary image of the reconstructed surface to extract its medial line (figure 1e).
Reconstruction and analysis of a model anastomosis
A model made up of two tubes joined at an angle of 45 degrees is reconstructed using the implicit function fitting to test the technique. MR images of the models were acquired across 25 planes getting about 16 pixels through the diameter of a slice. Images are segmented using a threshold value of 200. Splines are fitted through each of the 34 cross sections and a set of 40 points are generated on each spline producing a total of 1360 surface constraints. The constraints are interpolated using the implicit function approach and the reconstructed model is shown in figure 2a . The reconstruction shows some artifacts that are present in the MR images, like the undulations that are visible on the lateral surface. A possible explanation of this is a contour shifting due to pixel evaluation. The undulations are easily removed by applying the non-shrinking Gaussian filter (figure 2b). The maximum smoothing that is allowed is such that the distance between the original and the smoothed surface is less than one pixel. The application of the skeletonization algorithm gives an approximation to the medial line of the tubes. Approximating the medial lines of the three tubes with segments (in a least-squares sense) allows to define the angles at which the three branches meet at the junction (figure 2c). Since the medial lines do not coincide with the axes of the cylinders that generate the model geometry, the angles measured from this linear fit do not intuitively represent the geometry. Better measures are obtained by excluding points on the medial lines that are too close to the junction point (see table 1 and figure 2d) . A good criterion to decide which points to disregard is determining a length of reference L as the distance between the junction point and the apex of the junction. This can be done by automatically locating a saddle point on the surface as described in [9] . The exclusion of these points leads to measures that are more representative of the angles defined by the axes of the branches of the model bifurcation. The effect of the smoothing on the measurements can be quantified by measuring the angles on a smoothed reconstruction. Angles computed in the smoothed geometry do not change significantly when compared to those computed in the rough reconstructed surface. This allows us to conclude that smoothing a reconstruction is a necessary operation for a correct representation of a threedimensional model, but it is unnecessary for the determination of the angles from the medial line. 45  135  180  B  66  134  158  C  45  141  170  D  44  146  167  Table 1 . Angles defined as per figure 2e. Values for Case A are the theoretical angles of the model geometry. Cases B and C are the un-smoothed reconstruction, all the points on the medial line are used for Case B, while points within L from the junction are disregarded for Case C. Case D refers to the angles measured in the smoothed reconstruction after disregarding points within L from the junction as per figure 2d. The smoothing has practically no effect on the measurements.
In-vivo applications and results
The first in-vivo example involves the application of the reconstruction technique to multiple scans of the same patient. Figure 3 shows four scans obtained one month, two months, six months and nine months after the operation respectively. The fourth scan was performed in a higher resolution Siemens Sonata scanner. The four reconstructions show that the main features of the vessels are well captured and remain consistent through the various scans. This provides empirical evidence of the reliability of the reconstruction procedure. Monitoring the same patient permits the identification of a progressive stenosis of the proximal host vessel and a reduction of the dimensions of the anastomosis. The ability to detect such features may have significant applications in terms of patient-specific diagnosis and surgical planning. In order to obtain a reduced model of the geometry, three angles can be defined from a linear least squares approximation of the medial line of a reconstructed anastomosis. GPA, GDA and PDA denote the angle between the graft and the proximal host vessel, the graft and the distal host vessel, the proximal and the distal host vessel respectively as shown in figure 3e . The calculated values of the three angles depend on how much information is conveyed into the linear least-squares fit of the medial lines. To compare geometries of different sizes it is necessary to introduce a reference length D as the mean diameter of the three vessels. This is computed from the cross-sectional area distribution. The three angles are then measured from the directions of three lines interpolating those points on the medial line whose distance from the junction is greater than L and less than 4D. A reference plane is defined as the least-squares plane that fits the points on the medial line belonging to the host vessel within a distance 2D and those belonging to the graft and within a distance L from the junction (figure 4a). The angle that the graft forms with this plane quantifies the planarity of the anastomosis (figure 4b). The analysis of the angles measured in the anastomoses of different patients allows to identify the most common geometrical configurations. Considering the data obtained from 13 patients scanned up to now, it is possible to identify four families of anastomoses according to the values of GPA and I. The average GPA is 34 degrees although it is mandatory to distinguish between those anastomoses whose GPA is less than 30 degrees and those whose GPA is greater. The same argument applies to I. A wide number of anastomoses are planar (I smaller than the average of 10 degrees) but some show a high level of non-planarity with the greatest I being 32 degrees.
Discussion
The proposed tools are highly automated and require minimum user intervention. This allows the processing of geometries for a large number of patients in a relatively short time. Furthermore, the higher is the level of automation, the lower is the influence an operator can have on the measurements. The performance of CFD simulation both in anatomically correct and idealised geometries will help identifying which are the key flow features that it is desirable to achieve inside a distal anastomosis. The correlation of these features with simple shape parameters such as the four angles proposed in this paper may allow to help surgeons building more effective anastomoses in the operating theatre.
